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ABSTRACT

This re ort- presents an on-water head seas motion analysis
of three C/STOL and three V/STOL sea based aircraft config-
urations. Heave, pitch, acceleration, and slamming/wetness
conditions are determined. Different forward speed conditions
were studied. The effect of various configuration parameters
(length, iniertia, c.g. location, water plane area, etc.) on
head seas motion parameters was established. Sea state condi-
tions from one to seven were studied.

Fundamental sea state relationships and their effect on sea
basing of aircraft are presented. Reccmmendations for subse-
quent model tank testing are indicated.

This effort was performed under Contract N0O000-76-C-1606,
dated August 17, 197f (Rockwell International Sales Order,
S.O. 2395) to the David W. Taylor Naval Ship Research and
Development Center (DT-NSRDC), Bethesda, Md., 20084.
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1.0 INTRODUCTION

This study of Surface Loiter Aircraft On-Water Motion Relationships has
been performed under Contract N00600-76-C-1606, dated 17 August 1976, to

the David W. Taylor Naval Ship Research and Development Center (DT-NSRDC).
The study includes the relationship of sea state characteristics to sur-

face loiter aircraft characteristics, a head seas on-water motion analysis
and a definition of human limits including habitability criteria of sea
based aircraft on-water operation.

Rockwell International Report NR76H-113, "Sea Based Aircraft Habitability
Criteria," dated 15 October 1976, provides a definition of the human
limits for sea based aircraft. Habitability criteria includirg vertical,
lateral and roll limits for on-water operation are included. Heating,

ventilation, air conditioning illumination and volume limits are also
included. Motion sickness limits are presented. No serious habitability
limitations were uncovered for the surface following sea based aircraft

concept.

This report presents (1) a head seas on-water motion analysis of six
selected sea based aircraft configurations (three C/STOL and three V/STCL

designs), (2) sea state relationships and (3) model tank test program

recommendations for subsequent study.

I

I
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2 .0 SUMMARY

Reference 1 (NR7TH-113), "Sea Based Aircraft Habitability," established
0.1 g's RMS as acceptable for sea based on-water mission operations.
0.3 .4's RMS was established as unacceptable. Based on these limit
criteria, (1) all of the sea based aircraft configurations considered in
the study (cxcoot the 1.25 M catamaran) meet the acceptable criteria at
zero speed in head seas at all sea states and (2) most of the study air-
craft configurations approach or exceed the unacceptable motion criteria
at 5 to 10 knots forward speed I,, head seas.

Acceptable sea based on-water operations are considered possible at very
low forward speeds.

Sea following craft have acceleration of 0.10 to 0.125 g's RMS at zero
speed in head seas at all sea states. At zero speed, accelerations do
not increase significantly as sea state increases. Increasing on-water A
speed does increase the accelerations significantly; depending on the
phvsical characteristics of the craft. Short length craft (e.g., 40 feet
in waterline length) start contouring the waves at lower sea states than
do longer length craft. This is shown in Figure 16 where representative
40 foot length craft start contouring the waves at sea state 3, and the
170 foot length craft starts contouring the waves at about sea state 6
(V = 0 knots). As on-water speed increases to 5 knots, differences in
craft length and radius of gyration in pitch (Kyy) do result in different
RMS acceleration levels.

The motion of sea following craft at 5 knots are higher in relation to
those at zero speed and craft characteristics beco':e more important. All
craft have acceleration levels approaching 0.3 g's RMS at 5 knots or
would reach this level at about 10 knots. Configuration 2, the .7 million
pound single hull has about the same accelerations at 10 knots as the
smaller craft do at 5 knots. The accelerations at the C.G. (not shown)
are about half of those at the cockpit at 5 knots.

Recommended design limits for small 40 feet, 40,000 pound TOGW sea based
aircraft are:

Kyy/L < .25 (Lowest inertia possible desired)

This investigation has centered on the head seas condition. For a sea
following craft, this would be the usual mode of operation to minimize
rolling. An on water propulsion device will be required for craft orien-
tation and for on water mobility.

2j
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At the lower sea states, the wind and waves are from the same direction.
At the higher sea states or with long swell conditions the winds and
waves may not be from the same direction. For those conditions, where
the wind and waves are from the same direction, a large tail will tend
to keep the craft headed into the wind (and waves) without necessitating
active propulsion.

This is not to say that other modes of motion are unimportant (in particu-
lar rolling), but rather that head seas are usually the best case to
examine, and is usually examined first. Sea keeping design studies in
011nly head seas have been successfully conducted on ships for many years.
Before final design, however, studies involving all modes of motion of

the sea based aircraft should be carried out.

These computations are for long crested irregular waves in head acas.
The important motions are pitch and heave. Had short crested waves been
considered, the results would not be significantly different. Pitch and
heave would still be the dominant motions. There would be some lateral

Smotion (sway, roll, and yaw) but these are considered small. The energy
i7 the waves cominp from the lateral direction for short crested head
seas is too small and the wave lengths too iarge to ,xcite Truch roll

motion in craft with reasonable float spacing. There is a possibility
of non-linear phenomenon inducing extremely large roll amplitudes but
this requires a highly unlikely combination of circumstances involving
hull shape and wave length. These conclusions do not apply to the large
CTOL catamaran, as initLally configured, which was found to have unaccept-
able head seas motions.

In non-head seas, the roll motion becomes critical, due to the problem
of wing tip submergence. The actual roll motion will depend on craft
configuration (float span, roll inertia, damping, etc.) and wave exiting
frequency. As with any lightly damped linear system, if the wave exiting
frequency is near roll resonance, large motions will result. The roll
natural frequency will depend on the roll radius of gyration and the
transverse hydrostatic stability of the craft. The amplitude of the roll
motion at resonance is a function of the roll damping (float size and
shape, and perhaps wing tip flotation and shape). The more damping, the
less the motion. Any analysis of the roll response of a configuration
would have to take all of the above factors into account.

3
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Unacceptable motions and g levels do occur at the cockpit for the cunfig-
urations studied at speeds above 5 knotS. Crew stations near the CG hae
aboiit half the cockpit g's at speeds of 5 knots. Thus, long duratioln
.issions should consider vet5r low forward speeds (for cockpit crew stations)
and about 5 knots for crew stations near the CG. This places added emphasis
On designing the craft for best in flight cruise performance and not for on-
water cruising. Good aerodynamic cruise is obtained with fuselage length to
beam (1/b) ratios of 4 to 6. However, at these i/b ratios, conventional and
STOL landings are cozre difficult and result in higher impact g's. This
places added emphasis on VTOL operations to avoid these high impact kg's and
the weight penaltics associated with hull shaping, steps, etc., needed for
CTOL or STOL operation. Vertical and near vertical takeoff and landinie
operations need to be studied to establish desirable hull silapcs ano opera-

tional profiles.

Slamming and water coming over the bow have also been examined. In general,
there is no slamrning problem. However, all designs will have trouble with
water coming over the bo;.' in the lower sea state at 5 knots. At zer.: for-
ward speed, deck wetting (water over the cockpit) is minimal. The best
solution to decreasing water over the cockpit is to increase freeboard at

the bow. A freeboard of 3 to 3.5 feeL for small 40,000 lb craft was found
to minimize water over the how at zero speed.

This study did not consider bow shaping to minimize water over the bow or
slamming. Subsequent detailed design will consider these aspects.

4
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.,, ;ELF.Mn-) SEA BAYýI) AIRCR'A" CONFiCURATIONS

In a•ccordance with the StatemenI of Work for Contract N00600-76-C-16060
thiree reoresentativV C/STOL and three representative V/STOL surface
loiter aircraft concept designs were selected by DT-NSRDC for ou-wat(cr
rot ion allaa•i is. These configuraLions represent possible design con-
cepts for sea b,,s<l aircraft but are not necessarily optimized design
cnfiguratiý-,ns. ThMse dIsign concepts were selected to examine the 4

t*r |:Lions of a cross section of possible sea based aircraft design
configii-ations. The general characteristics -,f the seleLted designs are
presented in Table I.

Table I. Selected Design Characteristics

4
Design Type Name TOGW Span Overall Icntith
Number (Ibs) (KG) (Ft) (M) (Ft) (N)

I CTOL Catamaran 1.251 2.761 317.3 96.7 327.0 99.7

2 CTOL Single Hull .769M 1.707 222.7 67.9 237.9 72.5

3 C/STOL DT-NSSRDC 330* 727.7 9.6 2.9 8 2.44
Mode l

4 VTOL X-Wing 25K 55.1K 30.25 9.2 50.8 15.5

5 V/STOL Twin Boom 40K 88.2Z 63 19.2 55.8 17.0
6. V/STOL Twin Boom 25K 55.LK 50 15.2 44.2 13.5

* 41,250 lbs. TOGW Full Scale

Configurations I through 3 are C/STOL concepts and 4 through 6 are V/STOL
concepts.

3.1 Configuration 1. CTOL Catamaran, 1.25M lb. TOGW

Configuration 1, shown in Figure 1, is a large 1.25 million pound TOGW
conventional takeoff and landing catamaran sea based aircraft design.
The configuration has a wing loading of 90 PSF and a wing area of 14,000
square feet. Considering an engine thrust of 80,000 !bs per engine, the
takeoff thrust to weight is .256,

I
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3.2 Configuration 2, CTOL Single Hull, .769P Lb TOGWi
Configuration 2, shown in Figure 2, is a large 769,000 pound TOGW conven-
tional takeoff and landing single hull sea based aircraft design. The
configuration has a wing loading of 124 PSF and a wing area of 6,200
squaru fecet. Considering an engine thrust of 41,100 lbs per engine, the
takeoff thrust L, vight is .214.

3.3 Configurarion 3, C/STOL DT-NSRDC Model, 330 Lb TOGW

Configuration 3, shown in Figure 3, is a David W. Taylor Naval Ship Re-
search and Development Center (DT-NSRDC) model configuration presently
undergoing model basin tests. The model is a 1/5th scale model with a
weight of 330 lbs. The full scale weight is 41,250 lbs.

3.4 Configuration 4. VTOL X-Wing. 25T Lb. TOGW

Configuration 4, shown in Figure 4, is a stopped rotor helicopter design
with two outboard fans for forward flight and two internal inboard engines.
Thu two internal inboard engines drive the outboard fans in forward flight
on decompling with the rotor. Static on water roll stability is provided
by an active roll control mechanism not shown on the drawing. This could
be providud with a siriall propeller mounted on a shaft below the helicopter.
An engine start APU would be used for continuous on-water power for roll
stabilization.

3.5 Configuration 5, V/ST01., ", !n Boom. 401 Lb TOGW

Configuration 5, shown in Figure 5, if. a Type A class V/STOL configura-
tion for use aboard vertical support ships and on-water. The concept
includes a thrust augmented wing for vertical takeoff and landing and
a propulsive wing concept for cruise flight. The configuration has a
wing loading of 72.5 PSF and a wing area of 552 square feet.

3.6 Configuration 6, V/STOL Twin Boom, 251Z Lb. TOGW

Configuration 6 is a scaled version of Configuration 5(except for the cock-
pit area)and is representative of a Type C class V/STOL configuration for
use aboard destroyers and on-water. The configuration has a wing loading
of 71.4 PSF and a wing area of 350 square feet (see Figure 6).

3.7 Configuration Head Seas Seakeeping Data

The head seas on-water motion analysis was performed using the data con-

tained in Figures I through 6 for the six respective configurations of

Table 1. The head seas on-water motion analysis data is suntmarized in
Table 2, Note that the piltch radius of gyration (Kyy) of configuratLion3

7
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1 5 and 6 indicate that as configurations are scaled down in weight from

40,000 lb TOGW to 25,000 lb TOGW, the moment of inertia decreases from
95,000 slug-ftZ to 80,000 slug-ft 2 and Kyy increases from 8.71 to 10.12.
Here, weight is decreasing faster than the moment of inertia with a
consequent increase in radius of gyration.

Note also that the pitch radius of gyration of Configuration 4, the X-
wing is taken at the same value of Configuration 6, the twin boom fixed
wing aircraft. These values were estimated based on inputs from manu-
facturers of single rotor helicopters to be comparable (in pitch) to
that of fixed wing aircraft.

I
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4.0 HEAD SEAS ON WATER MOTION ANALYSIS

The head seas on-water motion analysis consisted of determining the sea
keeping parameters of six different configurations (sectional area and
water plane area distributions, center of buoyancy, metacentric height,
etc.) and performing a regular waves, head seas computerized analysts of
heave, pitch,acceleration (of the cockpit and c.g.) and cockpit wetness.
The computerized analysis was based on the computer program described 5.n
Reference 2 The computer program provides predLcted seakeeping behavior
in regular waves and in a seaway (irregular waves). The initial form of
the computer program was presented in 1969 by Dr. Robert Beck (see Refer-
ence 3).

Table 2 surmmarizes the physical characteristics that most directly influ-
ence seakeeping performance for the six configurations under consideration.
Both model and full scale (F.S.) data is provided on configuration No. 3,
the David Taylor-Naval Ship Research and Development Center (DT-NSRDC)
design. All terms are defined in Section 7.0, Definitions.

Acceptable on-water motions are primarily influenced by the following

parameters:

W)KYY the ratio of the radius of gyration to the water line
L length of the hull or float. A value of <__.25 is

desirable for acceptable pitch motion.

(2) L Lhe waterline length. The longer the waterline length,
the less the craft is influenced by short length waves.
As the sea state increases, even long craft (e.g. 200
feet in length) are influenced and eventually these
craft will contour the waves too. Super tankers and
large shipn of course don't contour the waves. Extreme
bending moments must be counteracted if the craft does
not follow the wave contour, This bending moment is
proportional to the wave height associated to the wave
length that equals the waterline length of the craft
(see Appendix 1).

(3) the metacentric height. A positive M is required for
inherent static stability. Roll is most critical (GMR).
Configurations 3 through 6 are all unstable in roll
without wing tip floats, Configuration 4 has no roll
static stability and is dependent on an active roll
control device. The metacentric height in roll, M1 R,
shovn in Table 2 is for the hull only.

14
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Of particular interest to head seas pitching motion is the relationship
of the radius of gyration in pitch, Kyy to the waterline length, L (see
last row of Table 5). Configurations 2 through 5 all have a ratio of
Kyy/L of .22 to .24. Configuration 6, the 25,000 lb V/STOL twin boom has
a Kyy/L ratio of .33. Configuration i, the 1.25 M lb CTOL Catamaran has
a Kyy/L ratio Lf .49, considered unacceptable for good head seas pitch
motions. A good value of Kyy/L is considered to be .25. The combination
of high radius of gyration (high mass inertia), high c.g. and short float
length (120 feet) and limited beam (12 feet) for configuration 1, result A 4

in a poor combination of design characteristics for head seas pitch
motion (see Section 5.0). A doubling of float length and water plane area
for configuration 1 would decrease Kyy/L to .25. This change is considered
nece-iary to provide acceptable pitch motions in head seas for configura-

j tion I.

The predicted heave, pitch and acceleration motions of the six study
configurations are zhown in Figures7, 8 and 9. The actual characteris-
tics of these configurations as run on the computer varied somewhat from
design conditions. These characteristics are shown in Table 6 for refer-
ence. Significant differences are discussed in the following pages. The
heave motions at the c.g. (Figure 7) are almost identical for all compa-
rable weight craft. Configurations 3 through 6 are comparable in weight,
heave frequency and length and the heave motions are very similar. They
represent "pure wave following concepts" where the significant heave is
equal to the significant wave height for all sea states.

For reference, a FF 1040 (DE 1040) of 2620 tons (5.24F Ilbs) and 414,5 ft
length at 20 knots heave curve is shown. As indicated, heave is reduced
in proportion to the length of the craft as weight increases.

Figure 8 shows significant pitch at head seas for all six study configura-
tions at zero and 5 knots forward speed. Configuration 2 has the best
pitch characteristics and configurations 1 and 6 the worst. Configura-
tions 3, 4 and 5 show curves of significant pitch vs significant wave
height that are very typical of wave following concepts. The RMS wave
slope is about 6 to 7 degrees from sea states 6 to 7 (see Appendix 1).

For reference, a curve of significant pitch for a DE 1040 is also shown.

I 1
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Figure 9 is the RMS acceleration motions of the cockpit locations in
g's for the study configurations at zero and 5 knots forward speed.

IS Co: t!i:ýration 2 has the lowesc accelerations for all sea states of the
ci ''.,,rations studied. This is due to its size and length, Except for
S,-:,:,ations I and 2, all configurations fall in a band of about .1 to

.15 R! '-g's at V = 0 and .25 to .30 g's RMS at V = 5 knots. As will be
shown subsequently, proper configuration design can provide a head seas
RMS acceleration of .1 g's at V = 0 knots and .2 to .24 RMS g's at V = 5
knots iudependent of sea state in the surface following mooe. This is
for a craft length of 40 to 45 feet. Craft ize does not appreciably
decrease ILMS g's at the cockpit at zero speed except at very low sea
states.

The g's shown here are for the cockpit station locations of the respec-
tive craft. The actual crew station locations during on water operations

i would be more centrally located and reflect the g levels close to the
center of gravity (C.C.). The g's at the C.G. are all below 0.10 RMS at
zero speed for all sea states (see Figure 10). Depending on craft length
and damping R•IS g's at the C.G. can be as low as .05. For reference, the
wave surface g's are shown in Figure 10 at zero speed and approach .125
g's R•!S at the higher sea states.*

This wave surface g curve shown represents the g's of a very small craft
(e.g. lifeboat) would receive while riding on the wave surface. The
craft shown have lower RMS g levels due to damping and craft size.

On-water speed has a greater effect in increasing g level than any other
parameter. Comparcd with zero speed, five knots more than doubles the
g's encountered. For example, for the DT-NSRDC model at four foot signi-
ficant wave height (Sea State 3), the RMS g's jump from .1 to .265. Bow
shaping may in part reduce these g's, but not appreciably. Speed is con-
sidered to be the primary contributor. Again, g's at the C.G. are lower
than the cockpit g's at 5 knots and are more acceptable for crew operations.

For reference, accelerations at the C.G. and bow for an FF 1040 (DE 1040)
in head seas at 20 knots is shown (see Figure 9, V = 5 knots).

* At very low sea states (below 3) wave surface g's actually increase
considerably over the values shown in Figure 10. These g levels do
not represent craft motion g's and were not shown.
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1 5.0 DESIGN PARAMMTER VARIATION EFFECT

5.1 Configuration 1, CTOL Catamaran, 1,25M Lb. TOGW

The motions for Configuration I were found to be excessive (see Section
4.0). In addit'on, at zero speed, waves break over the cockpit at a
significant wave height of 13 feet, 100 times per hour. Higher wave
heights are even worse.

Design modifications were considered to improve longitudinal damping,
resultant pitch motion, and acceleration. Alternatives to Configuration 1,
I-A, I-B, and 1-C, are described in Table 4. Configuration I-A reduced
the radius of gyration by a factor of about 2 and reduced the CG height
by a factor of two. Configuration 1-B increased the length from 120 feet
to 150 feet. The heave, pitch, and roll of Configurations 1, I-A and 1-B
are shown in Figures 11, 12, and 13. While the pitch motions were im-
proved for Configuration 1-A over Configuration 1, Configuration I was
still best from an RMS g's standpoint (see Figure 13). This is because
of the phasing of pitch and heave. Pitch and heave are higher for Con-
figuration I than for 1-A or 1-B but move out of phase (see Appendix 2
for reference to the Response Amplitude Operators, RAO's).

Configuration 1-C, with a doubling of float length and water plane area,
is recoimmended to correct the adverse motions of this catamaran design.
If doubling the length by itself does not result in acceptable motion
accelerations, increasing float beam and the addition of pitch damping
devices (foils fore and aft) may also be required.

Table 4, Configuration I Alternatives Analyzed

• • Alternative_ I 1-A 1-B I-C
CTOL CTOL CTOL CTOL

Parameter Catamaran Catamaran Catamaran Catamaran

W or A (lbs) 1,244,230 1,244,230 1,244,230 1,244,230

L (ft) 120 120 150 240

B (ft) 12 12 12 12
T (ft) 9.75 9.75 7.8 4.88

Kyy (ft) 66.93 30. 66.93 58.6

Xcg (ft) -2.85 -2.85 -3.56

Zcg (ft) -20 -10 -20 -20

S0.557 0.25 0.446 0.244

G( t ) 121.9 121.9 257.0 1138

O- REV 4-7323
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5.2 Other Sea Based Aircraft Designs

As a part of the Contractor's prior studies, other sea based aircraft
designs were analyzed. Because of their significance, they are included
here. Two catamaran and three single hull designs were studied (see
Table 9 and Figures 14, 15 and 16). This analysis illustrates the same
trends found in Section 4.0; particularly Figures 7, 8, and 9, for surfare
following aircraft in head seas; namely:

I) Heave is directly proportional to (and about equal to) wave height
(see Figures 7 and 14). This indicates that the craft are contour-
ing the waves for these sea states.

2) Pitch is proportional to inertia and CG height and inversely pro-
portional to length and depends on shaping (damping). Fcr all con-
figurations with low values of Kyy/L (Kyy/L 1.25), a limit of about
20 to 30 degrees significant pitch (about 5 to 7.5 degrees RIMS pitch)
is obtained at zero speed (see Figures 8 and 15). For higher values
of KVy/L (.33 to .50), pitch angles can be extreme. This is readily
apparent in Figure 8 where Configurations 3, 4, and 5 have a Kyy/L of
about .24, Configuration 6 has a Kyy/L of .33, and Configuration I
has a Kyy/L of .50. This conclusion does uoL apply Lu rulaLivu large
craft or ships. Configuration 2 has the lowest pitch of all aircraft
and the FF 1040 (DE 1040) has even less.

3) Low on-water speed and proper craft characteristics can assure a
low RMS head seas acceleration, even at the cockpit of the craft.
This conclusion is independent of sea state. This can be seen in
Figure 9 and Figure 16 for V=0 Knots. Zero speed, head seas
acceleration levels of about 0.10 are obtained for the sea based
craft of Table 5 and from 0.10 to 0.15 for all of the aircraft in-
vestigated in the study (except the 1.25M pound catamaran). This
appears to be primarily influenced by (a) Kyy/L (at all sea states),
and (b) length (more so at the lower sea states). As speed in-
creases, these effects become more pronounced. The craft of Table 8
have slightly lower accelerations than those considered in the
study. The major differences are because of lower Kyy/L (pitch
inertia divided by length).

Figure 17 summarizes this conclusion for three represantative craft
and shows the effect of variation of Kyy/L. All craft have very
similar accelerations at zero speed with the .7F! single hull some-
what better at the low sea states. At 5 knots for the 40,000 pound
configuration and at 10 knots for the .Y7 single hull the accelera-
tions are all above .2 g's RIS at significant wave heights above 10
feet. Only at low sea states (below SS 5) does the 170 foot lengths
.7,1 SA.L. configuration have lower accelerations (i.e. only at low
sea states and low speed does length imnrove the ride).
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Table 5. Other Sea Based Aircraft Designs Characteristics

C o n fi g u r a t io n I I II II V V
Conventional Canard Conventional

Aft Tail Catamaran Aft Tail UF-2 PS-I
Parameter -Catamaran Single Hull

W orA (Ibs) 40K 40K 40K 80K 86K

L (ft) 37.34 44.4 40.4 50.34 68.0

B (ft) 4 4 7

T (ft) 3 3 3.75

K, (ft) 5.3 5.33 5.28 6.65

Xcg (ft)

Zcg (ft) -4.48 -1.066 -3.48 5.64

-__y__ .142 .12 .132 .132
L
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6.0 MODEL TANK TEST PROGRAM RECOMMENDATIONS

Based on the results of this study, the following recommendations are
made for subsequent model tank testing:

1) Extension of analytical study results - This study needs to be
extended to precisely define desired configuration characteris-
tics for sea based aircraft design. Variations in Kyy/L and
L/b at hcai, beam, and quartering sea conditions establish-
ing the R-IS accelerations for representative sea based aircraft
(40-50 foot, 40,000 pound and 30-40 foot 25,000 pound TOGW) are
indicated. Since the designs considered had normal aerodynamic
fineness ratios (length to beam of 4-6) and provided good motions
and accelerations on the water at zero speed, high length to beam
ratio designs are not required for improved on water motion and
normal aerodynamic designsdo provide good on water motion charac-
teristics. These conclusions, if verified, place increased empha-
sis on VTOL technology concepts for sea basing. Extreme hull
shaping penalties (hi 'h L/B ratios, vertical floats, damping
devices) are not required for acceptable on water motion. Since
lower L/B hull ratios have higher landing impact g's at the same
landing speed, lower landing speeds are indicated to keep landing
loads at the same level or lower than flight loads. Pure VTOL
technology can provide this capability and also save in configur-
ation weight by avoiding hull weight penalties needed for increased
impact landings, dead rise, steps, flares, chines, etc., required
for CTOL and STOL water operation. Cruise performance advantages
through good clean aerodynamic design configurations are also
achieved.

Analytical studies of beam sea and quartering sea conditions should
accompany the model testing.

2) Water takeoff and landing tests need to be performed to establish
control limits, design limits and desired configuration features
(hull, float shape, engine inlet/exhaust locations) for high sea
state operation.

3) Propulsion system/configuration alternatives that provide positive
lift in the proximity to the water surface need to be established.

Alternative configurations that feature positive "in surface effect" lift
such as RAM wing, underwing/nacelle surfaces or other lifting features
should be emphasized.

3
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Propulsion-lift system features that minimize salt water spray injestion
must be emphasized. Advanced technology (low Q, high augmentation) sys-
tems are indicated. The ability to control the direction of spray may

be the best means of nvoiding salt spray ingestion. Propulsion-lift
systems with this capability should be investigated.
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] 7.0 DEFINITIONS

7.1 WAVE PARAMETERS

?7m is wave amplitude 17m h (h = wave height)

Sis phase angle

k is wave number K 2= 427X g

x is wave length T = r = 2r c' 2 7

W is 4ve frequency 2f = =
Tw

g is gravitational acceleration g = 32.2 FT/SEC2

C%. is wave heading

- t time

Tw i1 wavo period
c i:s jave celerity _

VK Tw 27ri

E is wave energy intensity E = !pg 72)dx

For a full wave length:

E 2 1pgh7Pg?7m 8 ph

h is wave height h = 2 ?7m

2
S77(w) is wave spectral density (FT -SEC)

7 (w)- xp (- Wi- 4 ) (ft 2 ): sec)

circular frequency (secc)
(1514)

5= I--6- 4 --13 (ft2/sec4)

' 5 Ljp 4  (sec/4 )

soec.ral neak frequ2ecy

. " •35
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' For fully developed seaways according to Pierson and Moskowitz:

S,* 0.0081 g 2  (ft 2 /sec 4 ) and

6 = 0.0324 g2/•11/3) 2  (sec 4 )

where

Sp = 0.4013 gi/2/(}[I/3)I/2 (sec- 1 )

g = acceleration in ft/sec2

hs = significant wave height (ft)

hs 4.0[f. S7 (w) dw] 1/2

hs - 4 times the RMS of the spectrum

Tav = average period of seaway

For fully developed seaways

Tav 1.96 (H-1/3)1/2 (sec)

We = ,� 'V cosoc = (i-U)

We = apparent wave (exciting) frequency or frequency

of wave encounter

V = speed of hull

c.c. = wave heading

S V cos i(

g

7. 2 HULL PARAMETERS

L is length (FT)

B is beam (FT)

T is draft (FT)

V is volume (FT3)

A is displacement (weight) (lbs) d W pgV

pg 64 LBS/FT
3

Cb is block coefficient Cb = BT
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I
I

Cv is vertical coefficient CV' V V
AwT CwLBT

Awp is waterplane area

Cw is waterplane coefficient Cw V
Cv LBT

FN is Froude number F N V

V is speed of hull

= metacentric height (ft) in mode 1 (2i)0
(distance from G to M, metacentric center)

GM = metacentric height (ft) in pitch (F•)P

GMR = metacentric height (ft) in roll (79)

BMi = distance from center of buoyancy to metacentric center
(Zii)

BG = distance from center of buoyancy to center of gravity G

SBO 

= 9CB - zCG

G distance of CC abcve water line
CG (Negative if CG above water line)
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M

G ... . M•i= zitj
ZCG j:

WATERLINE .. -

ZCB

"\ B •-•/

ZCB distance of center of buoyancy below waterline

ZCB H !

= IAii _ area moment of inertia
V displacement volume

- = distance tjin pitch
V

Z~x IAxx = distance 'i9kin roll

IAyy - fx2 dx dy (ft 4 )

for a rectangle Ayy b13

IAxx - Jjy2(x) dy dx (ft 4 ) b A _ b
Ix= 12

for a rectangle ,,b

mass moment of inertia (SL G-FT2) Ii Kii 2m
MKu = radius

IMy = mass moment of inertia in pitch

IMxx = mass moment of inertia i.n roll

Kii = radius of gyration = I = 'M

XCG longitudinal CG location relative to mid ship point
(positive if forward of mid ship)
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I. SEA STATE RELATIONSHIPS

1.0 SUMMARY

Significant sea state relationships are summarized in this section for
reference during the on-water motion study. More detailed information
is provided in the Appendix References (particularly No. 1, 2, and 3).

£ This section is divided into four sections, (1) Sea State Conditions,
(2) Sea State Occurrence and (3) Motion Study Results.

1.1 Sea State Conditions

For re ference, Table 1 (see Reference 2) and Figure I (see Reference 3)
are included here. A representative set of sea state data has been

k, taken from Figure 1 using median values and is shown in Table 2. The
Pierson-Moskowitz sea spectra were used in the study (see Figure 2).
He re

,S?7() = 0.0081 g 2 (- 5 exp [ 2W4]

where Sfl(&) is the wave spectra in ft 2 -sec for a fully developed sea,
g is acceleration in ft/sec 2 and W is wave circular frequency in l/
seconds.

Figure 3 summarizes some of the basic relationships of waves. As the
sea state increases, the wave height and length both increase as shown.
Because of energy considerations, the wave slope never exceeds about
eight degrees. This is because the accelerations required of the water
particles do not exceed the gravity force and the wave crest disinte-
grates (see Reference 4). Regarding on-water operation of sea based
aircraft, this 8' wave slope indicates that roll over conditions are
not excessive at zero or low water speed conditions even at high sea
states.

For sea based aircraft and long duration operation stability limits
Smay have to be based on wind wave tip over conditions. It should be
remembered that open ocean conditions and long duration missions may
include the 100 foot breaking wave or freak rogue waves. Obviously,
if a sea plane were even tipped over it woull not (like a ship) right
itself.

Figure 4 is a plot of peak sea state encounter frequency at zero, 5
and 10 knots versus sea state. Thus, increasing forward velocity (by
5 or 10 knots) has a siýýnificant effect at frequencies of about 2 radians
per second. A 10 knot change at this frequency is equivalent to (almost)
doubling the sea state encountered. When going from sea state 2 to 4,
the average wave height increases from 1.5 ft. to 3.5 ft. Since the wave
energy encountered is proportional to the wave height squared;

E Pgh 2  (Reference 2)

the relative energy change is five times.
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Table 1. Wind and Sea Scale for Fully Arisen Sea
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1.2 Sea State Occurrence

The occurrence of various sea conditions has been studied in Reference
14, 15, and 16. Figures 5 and 6 are from data taken from Reference 14
and 16 respectively., The operational capability of the PBY and P5M
(Figure 6) are shown as circles. For example, the PBY was designed for
operation in seas with three foot waves (or about Sea State 2). This
constituted about 15 to 18 percent of the time in the Atlantic and
Pacific Oceans. The P5M was designed for operation in four foot waves
(about Sea State 2 1/2) or about 24 percent of the time. Much greater
use of these craft was actually made (see Reference 15) with resultant
high loss rates. It should be remembered that the values of Figure 5
are based on average occurrences as observed over the total ocean area
and do not reflect the expected occurrence for shipping lanes (which
avoid high sea state ocean areas), required ASW areas, etc. f
Figure 5 is from Reference 16 that indicates the extreme values of waves
(for design of structures to last vs. lifetime). Based on material at

hand (Reference 2), the asymptotic wave height for the North Atlantic is
90 feet. The resultant modified Galton distribution (Reference 16) is
in Figure 5.
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The estimated operating capability of various aircraft and ships is shown
j in 'T:,ble 3.

Table 3. Estimated Operating Capability

MAXIMUM AVERAGE SEA STATE ESTIMATED
SYSTF M OPERATING FOR INDICATED WAVE PERCENT OF TIME

WAVE HEIGHT HEIGHT SYSTEM CAN OPERATE

PI'Y 3 2 - 3 30 - 0" *

P5M 4 - 3 40 50 0'. *

l',-I 10 4½ 72 - 24

V/';I'OL SEA
BASED AIRCRAFT 15 - 20 6 - 6½ 90 - 93%

CV 20 6½ 937%*

AIRFIELD . 98%

• Sea State limited time only

Reference 15 indicates thai FBY and P5M craft, wht, v-t :it h-sed, were also

limited bv weather conditions existing at the forwti'd ;rA:_ 5ta rdrome where

wind and sea were often worse than provided for J1a baa[c flying boat design
criteria. Amphibious craft have a higher availability being able to make
use of land or water bases. V/STOL aircraft that can operate from ships
as well as being amphibious would have the highest possible availability
of the craft indicated in Table 3.

As , result, the estimated percent of time indicated for the PBY and PSM
are high in that base weather limitations have not been included. The
percent of time values for PS-I and V/STOL sea based aircraft are corres-
pondingly low as their basing flexibility would improve the percent of
time they couid operate. While the actual operability times are mission
dependent, a V/STOL sea based aircraft with both land, ship and hizh sea

state capability should have operability comparable to CV craft and land
based airfields.

1.3 On-Water Motion Study

Fundamental relationships regarding vessel motion on the water are sum-
marized in this section. This work is the result of a V/STOL aircraft
on-water motion analysis performed by Rockwell International, Columbus
Aircraft Division.

1

I II

_ , . ..1.. .



NR76H- 137
Appendix I

S3. 1 Study Sunnary

On-water motions of stationary catamaran and single hull aircraft were
analyzed and compared to other ocean vessels. Forward velocity on the
water was not considered in this analysis. Equations of motion and
acceleration were developed for heave, roll, pitch, and acceleration.
The analysis performed involved uncoupled equations of heave, roll, and
pitch. The developed data provided a good insight into the relative
motion of thu2 vehicles analyzed. It did not provide absolute values of
imotion or acceleration. Coupled equations of motion are necessary to
provide this information.

As a result of this analysis, however, several significant conclusions
regarding sea based aircraft have been determined. These are:

1. Small size amphibian aircraft (under 50 feet in length and under
50,000 pounds) that have low draft so that they "ride with the
waves" have acceptable motion and acceleration characteristics
for high sea state on-water operation. Aircraft leniths that are
a fraction of a wave length at high sea states (so that the air-
craft follows the waves) do not have to take severe bending loads,
see Figure 7. Important characteristics are hull length and wing
span between floats or distance between hulls on a catamaran.
Hull lengths and spa,,s of 35 to 50 feet are considered best.
This is based on motion and wing/fuselage bending load considera-
tions; the latter being proportional to fuselage length and wing
span. These general length and span characteristics are those of
Ken Tiki type (surface following) craft which have good open ocean
motion and acceleration characteristics.

For riding on the water at high sea states, important aircraft
design limits are length and span. These should be small (pref-
erably about 50 feet) and never more than 100 feet. Load allevi-
ation devices or articulation may be required at these lengths.
This is based on Figure 8, which indicates that above an average
wave length (A)) of 100 feet, wave heights and consequently roll
and pitch motion and bending moments, increase sharply. At A =

100 feet, the one-tenth highest wave height 01/10) is about
l3fcet while at X- 200 feet, -I/10 = 16 feet

Crew comfort is a question of becoming seasick due to adverse
motions and accelerations. All of the vehicles considered have
relatively low,. accelerations considering the motions and acceler-
ations of a :;hip making headway in rough seas. A 500 foot ship
at 25 knots; in sea state 6 to 7 will have bow accelerations over
I g. While, accelerations in a stationary small craft may be such

as to cause scao.ickness for an operator on his first cruise, the
motions are much less severe than those that could be expected by

I
1 11
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|a crewman aboard a destroyer or cruise at cruise speeds. ExceptY
for Initial mission seasickness, the motions for either n 50 Ifoo
Ii'ngth or 100 foot length ,sea based aircraft shotild not ti v(rse.Ily
affcct crew performance. I

2. Sea based aircraft in the TOGW range of 100,000 pounds to 250,000
pounds should also have acceptable motion characteristics, pro-
vided that on the water speeds required are not significant (over
5 to 10 knots). Design conditions that are a function of aircraft
size, bending loads, etc., will establish the practicability of
these larger aircraft.

3. One overriding point that came out of this analysis is the signi-
ficance of on water velocity on vessel motion and acceleration.
Ships have motion and acceleration problems because they are
trying to make headway even in rough seas. Past seaplanes which
had to land and takeoff at speeds of 75 to 100 knots over high
waves or swells also encountered significant acceleration and
loading problems.

4. Beam sea conditions that result in high transverse loads and
accelerations should be avoided because of the lower human toler-
ance to transverse accelerations (about half that of vertical
acceleration tolerances). This requires an on-water propulsion
device for on-water mobility so that the craft does not have to
use in flight engines.

5. Sea based aircraft could be designed to have a deep draft to have
little motion on the water. An example of this would be a P5M
with verta floats. When this is done however, 1) strength must
be added to take the increased bending loads encountered on the
floats or hull and 2) height above the water must be provided to
clear the maximum wave height expected operationally. Fuselage
and wing bending loads are proportional to fuselage/float span
length and draft. A sea state of 6 has a wave length of over 200
feet and wave heights (peak-to-trough) of up to 13 to 16 feet.
Under this condition, a 800,000 pound plane with a 200 foot
length fuselage that is 20 feet in depth would be primarily sub-
merged at the nose and tail (and thus largely supported at the
nose and tail). The fuselage bending moment would be about 80
times those for a 50 foot length sea based aircraft (see Figure 9).

The 4.5g flight loads for a 40K, 50 ft. aircraft are about equiva-
lent to the expected on water bending loads.

1-14
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FIGURE 9. COMPARISON OF FUSELAGE BENDING LOADS, MB

For large seaplanes to operate in high sea states, bending loads
must be alleviated to avoid excessive loading conditions.

A 50 foot seaplane would not have to span these high waves and
would always be on one slope of the wave. The waves it would
span would be at sea state 2.4, where the 1/10 highest waves are
less than 4 feet high.

A 200 foot seaplane would have to span sea state 5 to 6 waves
with the 1/10 highest waves of 12 to 17 feet. The bending loads
are much higher here compared to flight bending requirements.

1.3.2 Stability Considerations

Figure 10 compares the static lateral stability of two sea based concepts
with seaplanes of the past. Because of the need to keep the wings and
engines out of the water, seaplanes had high wing locations with engines
mounted on top that resulted in high c.g.'s and large disturbing moments
(DM). Compared to the catamaran design presented, the disturbing moments
were 2 to 3 times larger. Tnis would also be true of any new large sea-
plane that was designed to keep the engines out of any conventional
water takeoff spray condition.

All three designs meet the stability requirements shown in Figure 11
(14 x 104 lb-ft) at 9 = 10'.

1-15
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The restoring moments of a single hull seaplane are determined by the
outboard float volume and the moment arm length. Once the float is under
the water, a maximum restoring moment has been reached. Conventional
takeoff seaplanes have in the past, been designed so that there is some
float clearance cn landing, and thus, when sitting on the water, the
seaplane rocks back and forth resting on one float and then the other.

A catamaran always has an increasing righting moment with any magnitude
of disturbance, and at a roll angle of five degrees has twice the static
stability of past typical seaplanes. In addition, since bending loads
are proportional to length, the outboard float seaplane will be subject
to significantly higher bending moments than would a catamaran.
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RESPONSE AMPLITUDE OPERATORS (RAO'S)

Based on the theory of linear systems, the spectral density of the
response, S (w) can be found from the relation A

Sresponse(W) H( (w) 2 Swave(W)

where:

ll1.(() = frequence response operator of the craft (RAO) for
craft response j

Swave(W) = the spectral density of the seaway (wave spectrum)

Sresponse(w) is the mean squared amplitude of the response

Thus, the RAO is the transfer function of the craft and indicates how
the craft responds in heave, pitch, etc., per unit of wave spectrum input.

The RAO's are for regular waves and the response is in a seaway (or f
applys to irregular waves).

Figures 1 through 14 are for configurations I through 6. Figure 15 is
the wave spectrum plotted to be overlaid on the RAO's. As indicated in
Figure 15, the wave energy is found in the frequency range from 0.4 radians!
second to 1.5 radians/second at zero speed with the peak frequency decreas-
ing as sea state increases. Thusmost of the high sea state energy is in
the frequency band of .75 to .4 radians/second.

Examining the RAO's of Figure I through 14 indicates that only configura-
tion 1 has any significant heave, pitch or cockpit vertical acceleration
RAO's in this critical frequency band. Also, from Figure 2 and 3, notice
the heave and pitch coupling that exists (the bump in the heave RAO at
0.6-0.7 radians/second at the peak pitch amplitude). This expains the
high pitch amplitudes and accelerations of Configuration 1, particularly
at the higher significant wave heights (or sea states). The high values
of pitch and cockpit acceleration RAO's for configurations 3 Lhrough 6
are not particularly significant as they occur near or abcve 2 radians/
second. As speed increases, however, these RAO's peaks become more
s ignificant.

Figure 16 indicates how the peak frequency changes as on water speed is
changed from zero to ± 10 knots. The major effect for an RAO at 2 radians/
second is at the sea -;tates of 2 to 4 (;"O3W = 2.4 to 5.6 feet) when the
frequencies of encounter are increased from 1.6 and 0.9 radians/second
to 2.95 and 1.3 radians/second. The acceleration RAO peaks for configura-
tions 3, 4, 5 and 6 would explain the generally higher levels of RMS
acceleration at zero and 5 knots compared to configuration 2.

11-1
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Selective hull shaping or slight increases in hull length should be
examined to see if configurations 3, 5 and 6 could be improved. Con-
figuration 4 is longer (43 feet) and has a somewhat lower RMS accelera-
tion level. From Figure 15, lengthening to 40 to 45 feet and hull shaping
would seem to provide RMS g levels of 0.1 at 0 knots and 0.2 to 0.25 at
5 knots at a significant wave height of 15 feet (sea state 6). Optimiz-
iig hull length and selective shaping should provide a 10 to 15 percent] improvement in RMS g level reduct'on.
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